ABSTRACT MAX8, a designer peptide known to undergo self-assembly following changes in temperature, pH, and ionic strength, has demonstrated usefulness for tissue engineering and drug delivery. It is hypothesized that the self-assembled MAX8 nanofiber structure consists of closed b-hairpins aligned into antiparallel b-sheets. Here, we report evidence from solid-state NMR spectroscopy that supports the presence of the hypothesized b-hairpin conformation within the nanofiber structure. Specifically, our 13 C-13 C two-dimensional exchange data indicate spatial proximity between V3 and K17, and 13 C-13 C dipolar coupling measurements reveal proximity between the V3 and V18 backbone carbonyls. Moreover, isotopic dilution of labeled MAX8 nanofibers did not result in a loss of the 13 C-13 C dipolar couplings, showing that these couplings are primarily intramolecular. NMR spectra also indicate the existence of a minor conformation, which is discussed in terms of previously hypothesized nanofiber physical cross-linking and possible nanofiber polymorphism.
INTRODUCTION
With known protein structures serving as inspiration, peptides have been designed to form nanostructures through stimuli-sensitive folding and self-assembly mechanisms (1, 2) . These designer peptides, capable of undergoing conformational transitions following changes in pH (3) (4) (5) (6) (7) (8) (9) (10) (11) , temperature (12) (13) (14) (15) (16) (17) (18) , ionic strength (19) (20) (21) (22) , enzyme concentration (23) (24) (25) (26) (27) , or light exposure (28) (29) (30) (31) (32) , have been investigated for applications in tissue engineering (7, 23, 25, 28) and drug delivery (6, 15, 17, 22) . On a fundamental level, design of self-assembling peptide biomaterials challenges our basic understanding of protein folding and aggregation (3) (4) (5) 10, 11, 14, (16) (17) (18) .
MAX8 is a promising self-assembling peptide designed by Schneider et al. (33) . It is an amphiphilic molecule composed of 20 amino acids: VKVKVKVKV D PPTKVEVKVKV-NH 2 , where D P represents a proline with D-chirality for its C a , and -NH 2 refers to an amidated C-terminus. The two stretches of alternating hydrophilic K (or E) and hydrophobic V residues promote b-strand formation (34, 35) . The V D PPT motif is known to form a type II 0 b-turn (36). This turn makes it possible for the b-strands of a MAX8 molecule to form a hairpin structure in which the b-strands are antiparallel. The formation of this b-hairpin in solution, however, would be hindered by repulsion between positively charged K side chains. Folding of MAX8 into a b-hairpin can be triggered through the addition of counterions. In particular, Dulbecco's modified eagle medium (DMEM), a common cell culture medium, can initiate MAX8 self-assembly ostensibly because of its salt content. MAX8 nanofibers are hypothesized to consist of molecules in b-hairpin conformations assembled into extended antiparallel b-sheets. The minimal MAX8 nanofiber structural unit is believed to consist of two antiparallel b-sheets associated to form a hydrophobic core (33) . The hypothesized MAX8 nanofiber structure of Schneider et al. (33) is consistent with measurements of nanofiber dimension and secondary structure. Transmission electron microscopy (TEM) images of MAX8 nanofibers showed fibrils~3 nm in width, a dimension in line with the expected length of a MAX8 b-hairpin (33, 34) . Circular dichroism spectroscopy showed a transition from random coil to b-strand secondary structure following an increase in solution ionic strength (33) . MAX8 differs from its parent peptide, MAX1, by the substitution K15E, which reduces the overall charge of the peptide. This substitution decreased the time to form b-sheets from 30 min to <1 min (33) .
Here, we report site-specific atomic-level information on the MAX8 conformation within nanofibers. These results support the predominance of a closed b-hairpin conformation. Antiparallel b-sheets of aligned MAX8 molecules were built by molecular modeling, and predicted atomic configurations were tested by 13 C solid-state NMR spectroscopy of MAX8 nanofiber samples. We present direct evidence for proximity of V3 and K17 as well as of the V3 and V18 backbone carbonyl (CO) atoms, as predicted by the molecular model of a b-hairpin. Although the major NMR signals are consistent with an ordered self-assembled b-hairpin structure, there is also evidence for a minor additional conformation.
MATERIALS AND METHODS
The MAX8 peptide was synthesized with standard fluorenylmethylcarbonyl (Fmoc) synthesis procedures on a RINK amide resin (Anaspec, 0.4 meq/g) using an Applied Biosystems Model 433A Peptide Synthesizer with HBTU/ HoBt activation. Fmoc-protected amino acids were purchased from Anaspec. For labeled samples (see Table 1 ), isotopically labeled Fmocprotected amino acids were purchased from Cambridge Isotopes or Sigma-Aldrich.
The peptide was cleaved from the synthesis resin using a cleavage cocktail of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane, and 2.5% deionized water (20 mL of cleavage solution per 1 g of resin-bound peptide) for 2 h. The peptide/cocktail mixture was filtered and then diluted 10-fold with ice-cold tert-butyl methyl ether. The suspension was then centrifuged at 5880 Â g for 10 min at 4 C. The following cycle was repeated 4 times: the supernatant was discarded and the pellet was resuspended in ice-cold tert-butyl methyl ether followed by centrifugation. The peptide was then dried overnight in vacuum (~10 mTorr) at room temperature.
The peptide was purified by high-performance liquid chromatography on a Beckman Coulter System Gold 125 Solvent Module with a System Gold 166 Detector and a Waters C18-bonded silica semipreparative column. Here, two solvents were used: 0.1% TFA in deionized water (Solvent A), and 10% deionized water, 90% acetonitrile, and 0.1% TFA (Solvent B). For each run, 10 mg of peptide was dissolved in 10 mL of Solvent A, filtered (VWR International 25 mm syringe filters with 0.2 mm polyethersulfone membrane), and loaded onto the column at a rate of 1 mL/min for 10 min. This was followed by 0% Solvent B for 2 min, a linear gradient from 0% to 22% Solvent B over 1 min, a linear gradient from 22% to 40% Solvent B over 18 min, and a linear gradient from 40% to 100% Solvent B over 5 min. The peptide began to elute off the column after 24 min (33% B). Purified solutions were frozen in liquid nitrogen and lyophilized using a Virtis Benchtop K Freeze Dryer. The purity of the peptide was verified using mass spectrometry on a Jeol Accutof JMS-T100LC Mass Spectrometer with low-resolution and electrospray ionization (ESIþ) settings.
MAX8 hydrogels were prepared at 0.5% (by weight) as previously described (33) . In a 45 mL centrifuge tube, 1 mL of 25 mM HEPES, pH 7.4, was added to 10 mg of purified peptide. Self-assembly was initiated through the addition of 1 mL of DMEM supplemented with 25 mM HEPES, pH 7.4. After 48 h of self-assembly, nanofibers were removed from solution by centrifugation after diluting the hydrogel solution by filling the 45 mL centrifuge tube with deionized water. Following centrifugation, the supernatant was discarded and the pellet was frozen in liquid nitrogen. Samples were lyophilized using a Virtis Benchtop K Freeze Dryer. Each solid-state NMR sample contained between 5 and 10 mg of lyophilized nanofibers. Each NMR sample was rehydrated with~1 mL of water per mg of peptide after packing in solid-state NMR rotors.
A Bruker Avance III 11.75 Tesla (500 MHz 1 H NMR frequency) spectrometer equipped with a 2.5 mm Bruker magic angle spinning (MAS) probe was used for all solid-state NMR experiments, including 1 H-13 C cross-polarization magic angle spinning (CPMAS) (37), two-dimensional (2D) 13 C-
13
C finite pulse radio frequency driven recoupling (fpRFDR) (38), 2D 13 C- 13 C dipolar-assisted rotational resonance (DARR) (39, 40) , and C-labeled crystalline glycine. The CO signal of glycine is at 176.5 ppm, as calibrated using adamantane. The CO-labeled glycine was also used to calibrate the magic angle. CPMAS 1 H- 13 C spectra were acquired at 25 kHz MAS with~1.5 h and 15 h of signal averaging for Samples A and B, respectively. Simultaneous application of a constant 50 kHz radio frequency field on the 13 C channel and a linear ramp in 1 H pulse power between 60 and 120 kHz radio frequency field strength was used during the 1 H-13 C cross-polarization spinlock (2 ms contact time) for all NMR experiments. 110 kHz of 1 H decoupling was applied using a two pulse phase modulation during the CPMAS and 2D NMR experiments (42) . 2D fpRFDR experiments were conducted at 25 kHz MAS with 5 ms p/2 flip back pulses, 13.3 ms p pulses (1/3 of the rotor period) during the 1.28 ms recoupling period (32 rotor periods), and 110 kHz of two pulse phase modulation 1 H decoupling during the 13 C-
C recoupling. A 2 s recycle delay was used between scans. The major signals in the 2D fpRFDR spectra were clearly visible after 24 h of signal averaging. One week of signal averaging was used in an effort to visualize peaks for 13 C-labeled sites within the minor conformation. 2D DARR experiments were conducted at 10 kHz MAS with mixing times of 500 ms. During exchange mixing periods, experiments required continuous irradiation with 1 H field powers corresponding to 10 kHz nutation frequencies (equal to the MAS spinning rate). Approximately 4 days of signal averaging was used. PITHIRDS-CT measurements were conducted at 12.5 kHz MAS and 33.33 ms p pulses were applied during the 61.44 ms period of dipolar recoupling with k 1 ¼ 4 and k 2 þ k 3 ¼ 16, as defined by Tycko (41) . 110 kHz field strength of continuous wave 1 H decoupling was applied during the PITH-IRDS-CT pulse sequence and 90 kHz of continuous wave 1 H decoupling was used for acquisition. Signal averaging took~3 days, 12 h, and 1 week for Samples C, D, and E, respectively. PITHIRDS-CT data analysis included correction for undesired 13 C natural abundance background signal. We calculated the relative contributions of the isotopically enriched and naturally abundant 13 C signals, and subtracted the calculated natural abundance contribution from each data point for all PITHIRDS-CT curves. We assumed that natural abundance 13 C signal does not decay in PITH-IRDS-CT experiments.
For TEM, a 10 mL aliquot of MAX8 hydrogel was diluted by addition of 40 mL of deionized water 4 h after initiating self-assembly. The diluted solution was sonicated for 2 s in a bath sonicator. A 5 mL drop was applied to a carbon-coated copper grid (Ted Pella ultrathin carbon on holey support, 400 mesh copper grid). After 2 min, excess fluid was wicked from the grid surface with filter paper and 5 mL of deionized water was applied to rinse the surface. After 1 min, the water was wicked away and the sample was negatively stained with 5 mL of 2% (wt/vol) aqueous uranyl acetate for 1 min before wicking and allowing the grid to air dry.
The computer models for MAX8 b-sheets were generated by assembling b-hairpins. A b-hairpin model of the MAX8 molecule was built by combining three segments: b-strand I ( 1 VKVKVKVK 8 ), type II 0 b-turn ( 9 V D PPT 12 ), and b-strand II ( 13 KVEVKVKV 20 ). b-strands I and II were first generated by Ambertools 1.5 with backbone f and j angles around À123
and 123 , respectively, and then assembled in an antiparallel orientation with an interstrand spacing of 0.49 nm (43) . Finally, the type II 0 b-turn was generated by using Modeller (44) . The above b-hairpin was replicated to generate antiparallel b-sheets containing 10 b-hairpins by satisfying the following conditions: strand-strand distance of 0.49 nm; valine residues lining up along the fiber axis; and maximum number of backbone hydrogen bonds between b-hairpins. Each model was then solvated in a 5 Â 8 Â 13 nm 3 water box with NaCl at 0.15 M, and energy minimized for 50,000 steps in NAMD 2.8 (45). The energy minimized b-sheets were then used to provide atomic coordinates of 13 C-labeled sites for PITHIRDS-CT simulations. The two b-sheet structures were well maintained in molecular dynamics simulations in which two b-sheets were associated to bury the valine side chains.
The SPINEVOLUTION software package was used to simulate PITH-IRDS-CT experiments (46) . The simulations included 8 13 C atoms at coordinates predicted by models of MAX8 antiparallel b-sheets. The coordinates used for the SPINEVOLUTION simulations were selected based upon the labeling schemes for Samples C and D (Table 1 ). In these simulations, initial magnetization for all 13 C atoms was on the xy plane before the PITHIRDS-CT pulses. Other parameters (magnetic fields, pulse timings, etc.) were chosen to match the experimental conditions. To minimize end effects for the limited 8-spin systems, SPINEVOLUTION dephasing curves each examine only magnetization of four central spins.
RESULTS
TEM images of MAX8 nanofibers (Fig. 1 ) exhibit fibril widths of~3 nm. This dimension is consistent with that obtained previously and nanofiber morphologies appear similar suggesting the successful reproduction of MAX8 nanofibers (33) . The nanofiber width is also consistent with the length of a MAX8 molecule folded into a b-hairpin structure (33, 47) . Fig. 2 shows a 2D fpRFDR NMR spectrum from a MAX8 nanofiber sample isotopically labeled with uniform 13 C and 15 N in the V3, T12, and K17 residues (Sample A, Table 1 ). The signal/noise in this spectrum is illustrated using horizontal slices in Fig. S1 in the Supporting Material. Spectral assignments for 13 C sites are illustrated with lines that connect diagonal signals and crosspeaks between directly bonded 13 C atoms (some weak two-bond crosspeaks were also observed) (38) . Peak positions, obtained through nonlinear fitting of crosspeaks to Gaussian functions, are listed in Table 2 . Line widths were near 1.5 ppm (full width, half-maximum), similar to previously observed amyloid fibril line widths (48) . For 13 C atoms near the peptide backbone (CO, C a , and C b ) secondary structures are known to correlate with secondary shifts, i.e., deviations of 13 C NMR peak positions from those of equivalent signals within random coil peptides (49) . For V3 and K17, our observed negative secondary shifts of >1.5 ppm for the CO and C a signals and positive secondary shifts of >2.4 ppm for C b signals are consistent with b-strand secondary structure (49) . On the other hand, C a and C b secondary chemical shifts for T12 are inconsistent with these trends, due to the proximity of T12 to the D PP hinge. Dashed boxes in Fig. 2 mark minor signals observed in the 2D fpRFDR NMR spectrum. Observed minor signals include crosspeaks between 30.7 and 23.7 ppm, as well as resolved signals at 42.0 and 30.7 ppm on the diagonal. We believe that the peaks on the diagonal at 42.0 and 30.7 ppm are too strong to be natural abundance background signals from unlabeled sites. Natural abundance signals are commonly observed on the diagonals of 2D NMR spectra, but they are expected to be 100 times weaker than peaks from 13 C-labeled sites due to the 1% natural abundance of 13 C. The probability of existence of adjacent pairs of natural abundance 13 C atoms makes it nearly impossible to observe natural abundance crosspeaks; these signals would be 10 4 -fold weaker than crosspeaks between labeled sites. Instead, we believe that minor signals are due to 13 C-labeled sites within a subpopulation of MAX8 molecules in a conformation that differs from the major conformation. The diagonal peak at 48.9 ppm, in contrast, has an intensity that is consistent with natural abundance FIGURE 1 TEM image of MAX8 nanofibers negatively stained with 2% uranyl acetate. The inset shows a twofold magnified image of the region defined by the dashed white box. background. We do not have definitive assignments for the observed minor signals because they do not exhibit a complete set of crosspeaks expected for V, K, or T residues. Based on the chemical shifts, it is likely that the observed minor signals are due to K: the peak on the diagonal at 42.0 ppm could be due to K C e and the crosspeaks could correspond to a K C b -C g or C g -C d transfer. Based on the relative intensities of the minor and major K C e signals, we estimate that the minor signals account for 21 5 8% of the total sample. Possible differences in 1 H-13 C crosspolarization efficiency for major and minor signals, due to differences in side-chain dynamics, could lead to error in this estimate.
In Fig. 3 we compare the CPMAS 13 C NMR spectrum for Sample A to that of an unlabeled MAX8 nanofiber sample (Sample B, Table 1 ) and show the peak assignments. Because the NMR signals from the unlabeled sample are due to an evenly distributed 1% population of 13 C (natural abundance), these signals correspond to roughly equal contributions from every C site in the sample. Therefore, although each peak from the labeled sample corresponds to a single 13 C site, signals from V or K within the unlabeled sample correspond to overlapping signals from the 9 V and 7 K residues in the peptide. We observed agreement in positions for the V and K signals between these two samples within 0.1 ppm, indicating a uniform secondary structure within the VK repeats. Similar ratios of major and minor K signals between Samples A and B support the assignment of minor (as opposed to natural abundance) signals in Fig. 2 and suggest that K polymorphism occurs uniformly across the MAX8 amino acid sequence. When these peak positions were input into the TALOS software (50), the predicted f and j backbone torsion angles were consistent with b-strand secondary structure for residues 1-8 and 13-20 (see Table S1 ). Signals observed only in the natural abundance spectrum at 48.7 and 26.4 ppm are assigned to P C d and P C g (51) . NMR signals from the E15 residue are not resolved from other signals.
Evidence of a closed b-hairpin molecular conformation within MAX8 nanofibers was obtained through a 2D DARR 13 C-13 C NMR experiment on Sample A. The 2D DARR spectrum in Fig. 4 A exhibits crosspeaks between the V3 and K17 residues (circled). Selected horizontal slices corresponding to V3, T12, and K17 signals shown in Fig. 4 B further illustrate the polarization transfer between the V and K residues. We would expect an interresidue 2D DARR contact to be most sensitive to the closest interresidue 13 C-13 C distance; the b-hairpin model shown in Fig. 4 C predicts a distance of 0.48 nm between the CO sites of V3 and K17.
To further test the hypothesized b-hairpin conformation, we performed 13 C-13 C dipolar recoupling NMR experiments using the PITHIRDS-CT technique on selectively 13 C-labeled samples. In general, PITHIRDS-CT decays are dependent on the three-dimensional organization of dipolar coupled 13 C nuclei and are dominated by nearestneighbor internuclear distances (41). Our selective labeling included a sample with 13 C labeling only on the V3 CO (Sample C, Table 1 ), a sample with 13 C labeling on V3 CO and V18 CO (Sample D, Table 1 ), and a sample with 10% of molecules labeled with 13 C on V3 CO and V18 CO and 90% unlabeled (Sample E, Table 1 ). Experimental data are compared to simulated PITHIRDS-CT decays (Fig. 5 A) (Table 3) . We observed minimal PITH-IRDS-CT decay for Sample C, indicating that intermolecular distances between V3 CO sites must be abovẽ 0.7 nm. This result rules out the in-register parallel b-sheet configuration that is commonly observed for amyloid fibrils (Table 3 ) (52) . Data for Sample D, in contrast, exhibit a significantly stronger decay, indicating shorter distances between the V3 CO and V18 CO. Sample E, with the same labels as Sample D but with a 10-fold isotopic dilution, exhibits a similar PITHIRDS-CT decay. Therefore, there was no change in internuclear distance between labeled V3 CO and V18 CO sites upon isotopic dilution; this result is only possible if the coupling is between nuclei within the same molecule as predicted for the b-hairpin conformation (Table 3) . We validated our PITHIRDS-CT experiments by measuring the decay for Ab (1-42) amyloid fibrils selectively 13 C-labeled at the V36 CO site. The observed decay (Fig. S2) is consistent with the known geometry (0.5 nm 13 C-13 C distance) for in-register parallel b-sheets (53-56).
Molecular modeling and simulated PITHIRDS-CT curves provided a basis for quantitative analysis of the experimental decays. We modeled two possible arrangements of MAX8 molecules: the syn-configuration (Fig. 5  B) or the anti-configuration (Fig. 5 C) . For both models, we considered only intermolecular alignments that maximized hydrogen bonding. The solid curves in Fig. 5 A correspond to predictions based on 8-spin simulations of the PITHIRDS-CT experiment using the atomic coordinates in the molecular models depicted in Fig. 5 , B and C. The PITHIRDS-CT decay for Sample C agrees with the simulated curves for both the syn-and anti-configurations (the anti-configuration simulated curve is not shown). The simulated curve for the syn-configuration, with a 0.98 nm distance between nearest V3 CO sites, has a very weak decay; the simulated curve for the anti-configuration, with an even longer 1.35 nm distance between nearest V3 CO sites, shows essentially no decay. Simulated curves for Sample D for syn-and anti-configurations are shown in Fig. 5 A. The simulated curve for the syn-configuration predicts a slightly faster decay compared to the simulated curve for the anti-configuration, but neither agrees well with the experimental data. As discussed below, we interpret the discrepancy between the experimental and simulated decays for Sample D in terms of polymorphic behavior resulting in a minor population of molecules which are not in the b-hairpin conformation. Each dashed curve in Fig. 5 A represents a prediction corresponding to an anti-configuration with the indicated percent abundance of molecules in the minor population. For this analysis, we assumed that signal from the minor population would exhibit no decay due to a lack of 13 C- 13 C dipolar couplings between labeled sites. The dashed curves therefore suggest that the minor structure represents 33 5 8% of the MAX8 molecules. A similar analysis based on a syn-configuration major structure (not shown) would predict a minor population at 28 5 8%.
DISCUSSION
This work represents a direct interrogation of MAX8 molecular structure within nanofibers. Although previous results from circular dichroism measurements established that MAX8 adopts a b-strand secondary structure, and b-hairpin dimensions are consistent with TEM nanofiber dimensions, these results include no site-specific information or interatomic distance measurements. Our NMR data support the hypothesized b-hairpin as the major conformation for MAX8 molecules within the nanofiber. This interpretation is based on 1), 13 C NMR chemical shifts; 2), a contact between V3 and K17 as observed in the 2D DARR spectrum of Sample A; 3), weak 13 C-13 C dipolar couplings between V3 CO sites in Sample C; 4), strong 13 C-13 C dipolar couplings between V3 CO and V18 CO sites in Sample D; and 5), lack of an isotopic dilution effect on 13 C-13 C dipolar coupling between V3 CO and V18 CO sites (Sample E). NMR measurements provide atomic-level constraints on the conformation of MAX8 molecules, making it possible to test the hypothesized b-hairpin conformation. Analysis of the 13 C NMR chemical shifts indicates b-strand secondary structure for residues 1-8 and 13-20. The 2D DARR contact between V3 and K17 is consistent with a closed b-hairpin conformation, but this result alone does not rule out alternative b-sheet structures in which intermolecular packing brings V3 and K17 into close proximity. Alternative b-sheet structures could include parallel or antiparallel alignment of MAX8 molecules in extended conformations (open hinge; Table 3 ). Selective 13 C labeling on V3 CO and V18 CO sites was employed so that PITHIRDS-CT experiments could be used to further test the b-hairpin conformation. Two possible arrangements of MAX8 b-hairpins (Fig. 5 , B and C), within b-sheets predict distances between equivalent V3 CO sites to be 0.98 nm or larger because each molecule contributes two neighboring b-strands to the b-sheet. This distance is consistent with the weak PITHIRDS-CT decay observed for Sample C. In contrast, a much stronger dipolar coupling is observed for Sample D, consistent with the shorter distance predicted when both V3 CO and V18 CO sites are labeled with 13 C. Any conformation with an extended V D PPT hinge could predict V3 CO proximity to V18 CO only between neighboring molecules; such a configuration would exhibit attenuated PITHIRDS-CT decay upon isotopic dilution (see Table 3 ). Sample E, which was isotopically diluted with 90% unlabeled MAX8, exhibits PITHIRDS-CT decay similar to that of Sample D, clearly indicating that this coupling is between nuclei within the same molecule. It should be noted that because PITHIRDS-CT decays are most sensitive to the shortest 13 C- 13 C distances in a sample, we are unable to distinguish between syn and anti intermolecular b-hairpin configurations (Fig. 5, B and C) , which could coexist. Fig. S3 shows an all-atom representation of a single MAX8 molecule in the b-hairpin conformation.
NMR data indicate that not all MAX8 molecules in the nanofiber samples adopt the same conformation. In the 2D fpRFDR (Fig. 2) and 1 H-13 C CPMAS (Fig. 3) spectra, minor signals most likely from K side chains are visible at distinct chemical shifts. Integration of the resolved K C e signals suggests that the minor conformation accounts for 21 5 8% of the total population. Minor signals are not observed for V3 or T12, possibly due to overlapping of major and minor signals. It is also possible that minor K NMR signals are due to alternative K side chain conformations within molecules that otherwise match the major conformation; minor V3 and T12 signals would not exist if structural heterogeneity were limited to K side chain conformations. It should Strong decay refers to an 80% or larger reduction of signal intensity after 60 ms of recoupling. Weak decay refers to a 20% or smaller reduction of signal intensity after 60 ms of recoupling. The underlined predictions are not consistent with our experimental results (Fig. 5 A) . be noted that the magnetic inequivalence predicted by Nielsen et al. (57) for neighboring b-strands within antiparallel b-sheets would not lead to peak splittings for MAX8; each MAX8 molecule contributes two neighboring b-strands to a b-sheet. However, inequivalence could result from interactions between different b-sheets within a nanofiber. The observed PITHIRDS-CT decays for Samples D and E show significant evidence of 13 C-13 C dipolar coupling between V3 CO and V18 CO sites, but observed decays are weaker than simulated curves (Fig. 5 A) . As illustrated in Fig. S4 , the PITHIRDS-CT data are not well represented by spin simulations that consider longer 13 C-13 C distances. We interpret the PITHIRDS-CT data in terms of the existence of MAX8 molecules in conformations that do not exhibit significant 13 C-13 C dipolar couplings. One possibility is a MAX8 molecule with only one b-strand (residues 1-8 or [13] [14] [15] [16] [17] [18] [19] [20] inserted into the b-sheet; this configuration would not generate significant 13 C-13 C intra-or intermolecular dipolar couplings between V3 CO and V18 CO sites. Based on the analysis represented by the dashed lines in Fig. 5 A, the minor conformation would account for 33 5 8% of the MAX8 molecules (also see dashed curve in Fig. S4 ). Although minor population estimates are similar between NMR spectra and PITHIRDS-CT observations, it is not clear if the 2D fpRFDR and PITHIRDS-CT measurements reflect the same minor conformation. Without the ability to separate most minor and major NMR signals, we are unable to provide more constraints on the minor conformation.
The existence of a minor conformation was predicted by Schneider, Pochan, and co-workers (33) , who proposed that MAX8 nanofibers have physical cross-links, although alternative explanations exist. Evidence for permanent junction points between nanofibers has been found in rheological studies of MAX1 solutions (58); MAX1 and MAX8 are likely to have similar nanofiber structures. Observed crossing of nanofibers in TEM images of MAX1 or MAX8 has also been attributed to nanofiber cross-linking (33) . The minor conformations evident in our NMR data could be attributed to conformational rearrangement at nanofiber junctions. However, our PITHIRDS-CT data indicate that minor conformations do not correspond to closed b-hairpins, contradicting the proposal that junctions correspond to interfacial association of closed b-hairpins. Furthermore, observation of minor NMR signals is not strongly supportive of molecular rearrangement at junction points: minor conformations are commonly observed in amyloid fibril samples and attributed to coexistence of fibrils with distinct molecular structures. These minor NMR signals can be eliminated through sample preparations designed to produce homogeneous samples, suggesting that minor conformations are not fundamental to the amyloid fibril structure (55, 59, 60) . To our knowledge, no group has attributed polymorphic structure to structural rearrangements at amyloid fibril junction points. With amyloid fibrils, distinct structures are associated with distinct fibril TEM morphologies, but the greater thicknesses of amyloid fibrils (~10 nm) compared to MAX8 nanofiber thicknesses (~3 nm) make it easier to probe amyloid morphologies with TEM (48, 53, 55) .
The b-hairpin major conformation observed in MAX8 nanofibers supports the idea that MAX8 b-hairpin formation is important to self-assembly. This hypothesis was pivotal to the design of the MAX8 peptide for salt-triggered selfassembly, but previous results did not prove that b-hairpins dominate the final nanofiber structure. Repulsion between like-charged K side chains at low ionic strength is believed to prevent self-assembly by deterring b-hairpin formation. However, there are other possible explanations for observed salt-triggered self-assembly. Salt is known to induce a transition from random coil to b-strand secondary structure (33); a secondary structural transition alone could explain salt-dependent kinetics. Furthermore, although ionic strength could promote b-hairpin formation by screening intramolecular repulsion between K side chains, ionic strength will also screen intermolecular repulsion between K side chains. In fact, oligopeptides without turns can also exhibit salt-sensitive self-assembly kinetics (61) . Even if b-hairpin formation is critical to initiate self-assembly, b-hairpins may serve only as nuclei that could propagate through addition of extended MAX8 molecules. The observation that 60-75% of MAX8 molecules within nanofibers are in b-hairpin conformations contradicts the alternative hypotheses for self-assembly and suggests that the selfassembly mechanism is dominated by association of b-hairpins.
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